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(57) Abstract 

The invention provides the continuous, integrated methods and devices for substantially removing ionized and ionizable carbon 
compounds from an aqueous stream by fiit deionization Step to produce a first product stream, ionizing nonionized and nonionizable carbon 
compounds m such istream to form further ionized and ionizable compounds, and removing the latter by a second deionization step. The 
mediod can be performed for example in an apparatus including an EDI unit (10), an ionizing unit (60), and EDI unit (100). 
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FLUID PURIFICATION DEVICES AND METHODS 
EMPLOYING DEIONIZATION FOLLOWED BY 
IONIZATION FOLLOWED BY DEIONIZATION 



5 This invention relates to fluid purification using deionization and ionization processes and 

devices. More specifically, the invention relates to the substantial removal of carbon compounds 
from water by such processes and devices. 

BACKGROUND OF THE INVENTION 

10 

Electrodialysis (ED), electrodeionization (EDI) and related methods and devices were 
initially developed during the 1 950s, and have since that time been improved to the point that such 
systems are commonly employed to purify fluids for a variety of applications. In general, ED, EDI, 
and related methods and devices purify fluids through electric field-mediated transfer of ions 

15 through membranes firom diluting streams passing through "less concentrated", ion depeleting 
compartments to concentrating or brine streams passing through "more concentrated", ion 
concentrating compartments. Generally, anion transfer (i.e. cation rejecting) and cation transfer (i.e. 
anion rejecting) membranes are altemated in ED and EDI methods and devices, the membranes 
being placed between an anode (positive electrode) and a cathode (negative electrode) across which 

20 a DC electric field is applied transverse to the fluid flow directions. Anion transfer rnembranes 
allow passage only of low molecular weight negatively charged species (anions), and cation transfer 
membranes allow passage only of low molecular weight positively charged species (cations). 
Transfer of ions across mraibranes is mediated by the attraction of the anions to the positively 
diarged anode and the cations to the negatively charged cathode. The combination of an anode, a 

25 cathode, and the alternating anion a^ cation transfer membranes there between is commonly 
referred to as an ED or EDI "stack". Such stacks may also include cation or anion transfer 
membranes alternating with substantially non-ion-selective membranes, that is membranes which 
are not substantially selective for either anions or cations. 

EDI difiTers fiiom ED in Aat one or more EDI compartments fomied by membranes include 

30 ion exchange media. The media, typically in the form of resin fibers, fabrics, beads or granules, is 
present in diluting compartments and somedmes also in concentrating compartments of an EDI 
device. An EDI compartment may contain either cation exchange resins, anion exchange resins, or 
a random or structured combination of cation exchange resins and anion exchange resins. The resins 
reside in tiie space between alternating anion and cation transfer membranes. In response to the 
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transverse DC electric field, ions are transferred, for example, fi-om diluting to concentrating 
compartments via the diluting compartment resins and adjacent membranes. The resins form a 
conductive bridge for movement of ions associated therewith to the ion exchange membranes and 
thus out of the diluting compartment. The resin facilitates mass transfer of ions by increasing the 
5 area available for mass transfer and by decreasing the distance in solution that the ions must tmvel 
in order to be removed from the diluting compartment, thus reducing the electrical resistance of the 
unit, especially in the diluting compartment. In EDI, as the product becomes more pure, the electric 
field splits water to hydrogen and hydroxide ions which continuously regenerate the membranes and 
the resins at least in part. The main advantages of EDI processes include continuous operation; 

10 stable product quality; the ability to produce high purity product without requiring periodic chemical 
regeneration; and reduced amounts of waste products. 

One area in which EDI technology is gaining momentum is production of ultr^ure makeup 
water for electric power plants. EDI was initially used in the electric power industry in 1991, and 
since that time more than 50 EDI devices have been installed in such plants. In these plants, EDI 

15 has partially or completely replaced the prior conventional (i.e. chemically regenerated) ion 
exchange resin beds, resulting in substantial operating cost savings. For example, ion exchange 
units are fi-equently used to purify blowdown (waste water) for recycling, requiring frequent 
regeneration, consuming large volumes of acid and caustic, and necessitating constant maintenance. 
Such exhaustion (degeneration) and regeneration can also result in variations in demineralization 

20 performance, thus affecting reliability of use. With the advent of EDI systems, deionization and 
regeneration are simultaneous and continuous, and problems associated with periodic regeneration 
are no longer present. 

EDI is highly efficient in removing a substantial variety of ions fix>m water. Strongly ionized 
substances such as sodium, calcium, ms^esium, chloride, fluoride and sul&te are examples of ions 

25 which are routinely substantially completely removed firom water using multi-step pxirificatioh 
systems which include one or more EDI units. Weakly ionizable species such as COj, silica, boric 
acid and ammonia may also be relmoved using EDI. Similarly, ethanolamine (ETA) and 
metfaoxypropylamine (MPA) are also readily removed by EDI. However, complete r^oval of non- 
ionized and lion-ionizable organic substances such as ethanol and glyoxal, is not as easily 

30 accomplished. 

U,S. Pat^t No. 5,1 16,509 discloses use of an ultraviolet (UV) treatment step for deionized 
tap water prior to EDI treatment, but fidls to ^ach or to suggest a system which processes such tap 
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water water initially containing non-ionized or non-ionizable carbon compounds in addition to ionic 
or ionizable organic species. "Substantially complete removal" of total organic carbon (TOC) is 
purported to have been obtained using the system of U.S. Pat. No. 5,1 16,509. The patent teaches 
tiiat following an initial deionization, organic species may be added to the deionized tap water and 

5 qjplied UV may break down the added organic species into smaller molecules, some of which are 
ionic and/or ionizable, allowing subsequent EDI to achieve the claimed TOC reduction. When some 
part of the added organic species is already in ionic and/or ionizable form, the claims for such a 
[»ocess may not be totaUy true, however. Although UV may convert non-ionizable organic species 
into ionic and/or ionizable organic species, UV may alsa convert ionic and/or ionizable organic 

10 species into non-ionizable organic species. If a significant amount of flie oi^anic species is in ionic 
and/or ionizable forms, application of UV may increase the concentration of non-ionizable organic 
species in the subsequait EDI feed, and may result in a lower organic carbon reduction than without 
UV. Furflier. ttie ionic or ionizable organic species may absorb UV further reducing UV available 
for converting non-ionizable oi^anic species into ionic or ionizable organic species. 

15 A need remains, tiierefore, for additional methods and devices capable of obtaining improved 

purity prodiict fiom purification systems. In particular, additional methods and devices are needed 
vAdch can remove non-ionized or non-ionizable cariwn compounds in multi-step purification 
systems. 

20 SUMMARY OF THE INVENTION 

The imrention is directed to mefliods and devices for removing substantiaUy all inorganic and 
oiganic carbon compounds fiom water. In accordance wiflitfie present mvention, one or more first 
ddonization stages remove ionic and/or ionizable contaminants. The product stream of such first 

25 deionization stages is exposed to an or^c carbon bond-brraking agent prior to becoming tiie feed 
stream of one or more second deionization stages. Such exposure causes non-ionized organic carbon 
compounds in the first deionizatioij product stream to ionize or become ionizable, faciHtating 
removal in such second deionization stages. Further, since ionic and/or ionizable contaminants are 
substantiaUy removed in tiie first deiomzafion stages, the amount of bond breaking agent required 

30 to convert the non-ionizable organic carbon compounds to ionic or ionizable organic carixm 
compotmds is minimized. 

fa accordance vnib tiie invention, such first one or more ddonization stages tanove tiie ionic 
and/or ionizable inorganic and organic carbon species. The effluent fiom such first deionization 
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Stages is exposed to organic carbon bond-breaking agents, such as UV (preferably 184.9 nm 
wavelength or less) including catalyzed UV and/or other oxidizing agents (e.g., oxygen, ozone, ~ 
singlet oxygen, hydrogen peroxide, hydroxide radical, means to produce singlet oxygen or hydroxide 
radical or combinations thereof). These agents break down organic carbon compounds from such 
5 first deionization stages. With the subject inventionj it is not necessary to provide a level of UV 
energy sufficient to break down organic components all the way to H2O and COj, but rather it is 
sufficient to break down those components into compounds which may be removed in subsequent 
removal stage(s). 

In one embodiment, the invention provides a method of removing inorganic and organic 

10 carbon contaminants from water. The method involves the steps of: flowing such water through 
one or more first removal units to produce a first product stream having less organic carbon 
compounds; exposing such first product stream for a predetennined time to an organic carbon bond- 
breaking agent (preferably at a predetermined temperature) sufficient to produce a second product 
stream containing at least a portion of the remaining organic carbon compounds in an ionized or 

15 ionizable form; and flowing such second product stream containing such organic carbon compounds 
in ionized or ionizable form through one or more second removal units, wherein such organic Carbon 
compoiinds in ionized or ionizable form are substantially removed. Such removal units may be 
independently selected from reverse osmosis (RO), nanofiltration (NF), electrodialysis (ED), 
electrodeionization (EDI), filled cell electrodialysis, and eledrodiaresis devices; chemically or 

20 electrically regenerable ion exchange (IX) systems; and activated carbon and other sorbent beds. 

In another embodiment, the invention provides a device for removing organic carbon 
compounds from water. The device involves: a first electrodeionization (EDI) unit having at least 
one diluting compartment extending in fluid communication between a first feed stream inlet and 
a first product stream outlet; a second EDI unit having at least one diluting compartment extending 

25 in fluid communication between a second feed stream inlet and a second product stream outlet; a 
fluid flow path coupling the first proi^uct stream outlet and the second feed stream inlet; and an 
ionizing xmit for exposing a fluid flowing along such fluid flow path to at least one organic carbon 
bond-breaking agent thereby providing substantial removal of organic carbon compounds in the 
second deionization unit. 

30 It will be understood that such second stages for removing ionized and/or ionizable carbon 

species may in fact be die same device as that used for the first stage for removing such species. For 
example, the fluid may be contacted with one or more first stages for removing ionized and/or 
ionizable carbon species, then contacted with such an organic carbon bond-breaking device and 
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subsequently recycled to such first stages for removing ionizable and/or ionized carbon species. 
Such combination of bond-breaking and removal devices may operate on batch or on feed-and-bleed 
continuous bases. 

In yet another embodiment, the invention provides a method for removing both ionizable 
and/or ionized carbon compounds, and non-ionized and/or non-ionizable carbon compounds from 
water. The method involves the steps of (a) processing a first stream of the water with a removal 
apparatus for removing ionized and/or ionizable carbon compounds from the water to produce a first 
product stream; (b) contacting the first product stream with an agent for converting non-ionized 
and/or non-ionizable carbon compounds into ionized and/or ionizable carbon compounds to form 
a second product stream; (c) processing the second product stream with a second removal apparatus 
for removing ionized and/or ionizable carbon compounds from the water to form a third product 
stream; and (d) recovering the third product stream from step (c). In alternative embodiments, the 
method includes the steps of recovering the first product stream from step (a) and recovering the 
second product stream form step (b). 

In still another embodiment, tlie invention provides a device for removing both ionizable 
and/or ionized carbon compounds, and non-ionized and/or non-ionizable carbon compounds from 
water. The device involves (a) a first removal means for removing ionized and/or ionizable carbon 
compounds from the water to produce a first product stream; (b) a conversion means for convertmg 
non-ionized and/or non-ionizable carbon compounds in the first product stream into ionized and/or 
ionizable carbon compounds to form a second product stream; © a second removal means for 
removing ionized and/or ionizable carbon compounds from the second product stream to form a 
third product stream; and (d) a recovery means for recovering the third product stream. In 
alternative embodunents, the device also includes a second recovery means for recovering the first 
product stream and a third recovery means for recovering the second product stream. 

It will also be understood that "organic carbon in an ionized or ionizable form" includes 
carbon dioxide, bicarbonate and/or carbonate which results from the bond-breaking of an organic 
^carbon species. j 

As used herein, the term "ionizable" as in, for example, organic carbon in an ionizable form, 
refers to organic carbon which can be ionized by proximity to the surfece of ion exchange media. 
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BRIEF DESCRIPTION OF THE DRAWING 



The foregoing and other objects of the invention, the various features thereof, as well as the 
invention itself, may be more fully understood from the following description, when read together 
with the accompanying drawings in which: 

FIG. 1 is a schematic diagram of an electrodeionization device (prior art); 

FIG. 2 is a schematic depiction of one embodiment of the apparatus of the invention; 

FIG. 3 is a graph showing removal of organic carbon compounds from a product stream of 
a purification system applied to a waste stream of a steam generator, according to an embodiment 
of the invention; and 

FIG. 4 is a representative curve showing calculated concentrations of organic carbon 
compounds removed from a steam generator water circulation loop, according to an embodiment 
of the invention. 

DETAILED DESCRIPTION OF SOME PREFERRED EMBODIMENTS 

In accordance with the invention, inorganic and organic carbon compoimds are substantially 
removed from water using a two-stage deionization device, having an organic carbon ionizing imit 
interposed between the two stages in such a way that the product stream of the first deionization 
stage is exposed to one or more organic carbon bond-breaking agents. At least some organic carbon 
compounds in the product stream of the first stage are ionized or rendered ionizable prior to transfer 
to the feed stream of the second deionization stage. Alternatively, after exposure to one or more 
carbon bond-breaking agents, the ioniz^ or ionizable stream is recycled back to the first 
deionis^tion stage. 

Hie temd *^conversion agent", as defiined herein, refers to an agent capable of converting non- 
ionized and nominally non-ionizable;4;arbon compounds to ionized and ionizable compotmds. 
Conversion agents include bond-breaHing agents such as oxidizing and reducing agents. Examples 
of oxidizing agents include chenucal oxidizing agents, electrolytic oxidizing agents, thermal 
oxidizing agents (heat), radiation and/or catalysts, and combinations thereof. Preferably, the 
oxidation agent includes ultraviolet (UV) radiation. More preferably, the UVradiation is 
characterized by wavelengths of about 184.9 nm or less wave lengths. Such radiation can be used 
in conjunction with a catalyst such as titanium dioxide. Alternatively, more preferably the UV 
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radiation is characterized by wavelengths of about 254 nm and used in conjunction with a catalysts, 
such as, for example, titanium dioxide. 

The term "deionization", as used herein, refers to devices and associated methods for 
removing ionizable and/or ionized organic carbon and other ionizable and/or ionized compounds 
5 from fluids for purification purposes. Exemplary deionization devices and methods include reverse 
osmosis (RO), nanofiltration (NF), electrodialysis (ED), electrodeionization (EDI), filled cell 
- electrodialysis, and electrodiaresis devices; chemically or electrically regenerable ion exchange (DQ 
systems; and activated carbon and other sorbent beds. The ion exchange systems may be liquid or 
solid, organic or inorganic. 
10 The term "substantial removal" of organic carbon compounds, as used herein, refers to the 

. removal of organic carbon compounds in the range of about 50% to about 1 00%, and preferably in 
the range of about 70% to about 100%, and most preferably in the range of about 80% to about 
100%. 

The methods and devices disclosed herein may be used per se, or they may be combined with 
15 other purification means to optimize the purity and cost ofthe effluent product. PerfomMnce of any 
purification system may be improved using the methods and devices of the present invention, 
whether the disclosed system is used as a part of a multi-step purification system, or is used alone. 
The performance of muW-step purification systems i.e., systems in which a variety of purification 
methodologies are employed, is particularly improved using the methods and devices of the present 
20 invention. 

The present invention is described in terms of a two-stage deionization system vrfiich 
includes two EDI units. It should be understood however, that other types of deionization devices 
such as reverse osmosis, nanofiltration, ED, filled cell ED and electrodiaresis devices; activated 
carbon or other sorbent devices; and/or chemically or electrically regenerable ion exchange resin 
25 systems can also be substituted for one or both EDI units described herein. Further, each stage may 
consist of two or more deionization ui^ in series and/or in parallel. 
^s- FIG. 1 depicts a schematic view of an EDI unit 10 known in the art, having a cathode 12 and 

an anode 14 and a plurality of c^on transfer membranes 20 alternating with anion transfer 
: membranes 22. Cation transfer membranes 20 and anion transfer membranes 22 form alternating 
30 diluting compartments 24 and concentrating or brine compartments 26. Either or botii of the diluting 
conq>artments 24 and concentrating or brine compartments 26 are filled with ion exchange resins. 
The diluting compartments 24 may be filled witii an ion exchange resin, a nuxture of anion and 
cation exchange resins or with layers of such resins. A fluid, preferably water containing salt, enters 



-7- 



wo 98/58727 PCT/US98/I2823 

unit 1 0 at electrode stream inlets 52 and exits unit 1 0 at electrode stream outlets 54 to form electrode 
streams 50. 

Fluid to be purified flows into EDI unit 10 in the form of feed stream 30 which enters the 
unit at inlet 32. Feed stream inlet 32 is in fluid communication with feed stream inlet manifold 34, 
5 through which fluid to be purified is delivered to one or more diluting compartments 24. The 
mmiber of diluting compartments 24 in an EDI unit may vary according to the application in which 
the imit is used. Determinations of the appropriate number of diluting compartments for a particidar 
application may be accomplished empirically, on the basis of the desired flow and deionization 
capacity of the fluid purification system and the amount and identity of contaminants in the feed 

10 stream. As defined herein, diluting compartment 24 of unit 10 involves the sum, collectively, of all 
diluting compartments contained within the unit. After traversing the diluting compartment 24, fluid 
fi'om feed stream 30 enters product stream outlet manifold 36, exiting the unit as product stream 30a 
at product stream outlet 38. Fluid is purified in diluting compartments 24 by virtue of passage of 
ions out of such diluting compartments into the concentrating or brine compartments 26. 

15 A concentrate or brine influent 40 flows into unit 10 at concentrate or brine stream inlet 42. 

Concentrate or brine stream inlet 42 is in fluid communication with concentrate or brine stream inlet 
manifold 44, through vAiich fluid that receives ions fi'om the diluting compartments 24 is delivered 
to one or more concentrating or brine compartments 26. The number of concentrating or brine 
compartments in an EDI unit may vary according to the application in which the unit is used, but 

20 vdll be equal to (or ± 1) the number of diluting compartments in the unit. As defined herein, 
concentrating or brine compartment 26 of unit 10 involves the sum, collectively, of all concentrating 
or brine compartments contained within the unit. After traversing concentrating compartment 26, 
fluid from concentrate or brine influent 40 enters concentrate or brine stream outlet manifold 46, 
exiting the unit at EDI concentrate or brine stream outlet 48, After exiting fiom concentrate or brine 

25 stream outiet 48, a portion of the brine stream may be discarded as "blowdown", and the remainder 
recycled into concentrate or brine infliient 40, upstream of brine stream inlet 42. 

FIG. 2 shows an embodiment of the device of the invention in which feed stream 30 flows 
into first EDI feed stream inlet 32 and out of first EDI product stream outlet 38, as deionized product 
80, described in detail above. Product stream 30a then flows into ionizing unit 60 via ioni^g unit 

30 inlet 62. 

Different bond-breaking agents can be used in the ioniang unit 60 to ionize organic species 
in product stream 30a in accordance with the invention. For example, the ionizing luiit 60 can 
include an el^ent 61 for adding a bond-breaking agent 63 to the product stream 30a. Such bond- 
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breaking agents 63 can include, but are not limited to, chemical oxidizing agents capable of 
generating oxidizing free radicals when added to product stream 30a. Many compounds capable of 
generating oxidizing free radicals known to those of ordinary skill in the art, such as, for example, 
peracetic acid and persulfate compounds, are suitable as ionizing agents in accordance with the 
5 invention. Compounds which ultimately yield only water or readily removeable innocuous 
byproducts are preferred. For example, oxygen, singlet oxygen, ozone or hydrogen peroxide, or 
- combinations thereof, are particularly suitable as oxidizing free radical generating compounds. 
Such oxidizing agents can be used in conjunction with catalysts, preferably insoluble catalysts such 
as finely divided supported platinum or platinum group metals, oxides of these metals or other 
10 compounds containing these metals. 

Bond-breaking agents 63 which can be used in ionizing unit 60 for ionizing product stream 
30a in accordance with the invention also include electrolytic oxidizing agents. Non-limiting 
examples of such electrolytic oxidizing agents include lead oxide or tin oxide anodes. Other 
electrolytic oxidizing agents known to those of ordinary skill in the art can also be used for oxidizing 
15 product stream 30a. 

Further bond-breaking agents 63 which can be used in accordance with the invention include 
catalytic oxidizing agents. Product stream 30a can be contacted with a catalyst rich surface 
including rare earth catalysts, or platinum catalysts. 

loniarig unit 60 can fiirther include an element 65 for exposing the product stream 30a, 
20 including non-ionized and/or non-ionizable organic species, to a bond-breaking agent 63 such as 
radiation 66. Any kind of radiation 66 is suitable as a bond-breaking agent 63, so long as the 
radiation is of sufficient energy to break down at least a portion of the non-ionized or non-ionizable 
organic species to yield ionized species. Preferably UV radiation is used. More preferably, the UV 
radiation used is in the range of from about 160 nm to about 260 nm. Most preferably, the UV 
25 radiation is characterized by wavelengths of about 1 84.9 nm or less. UV catalysts, such as titanium 
dioxide may be used in conjunction wi4i such radiation. Alternatively, most preferably UV radiation 
characterized by wavelengths of about 254 mn is used in conjunction witii catalyst such as, for 
example, titanium dioxide. UV radiation, witii or without catalyst, may be used in flie absence of 
- other oxidizing agents provided the concentration of organic carbon compounds is low e.gi, 1 ppm 
30 or less. Suitable sources of UV include low, medium or high pressure mercury arc lamps; doped 
mercury arc lamps; mcoherent or coherent excimer lamps such as, for example, Xenon(172 nm). 
Argon chloride (175 nm). Argon fluoride (193 mn>. Krypton chloride (222 nm). Krypton fluoride 
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(249 nm) and other gas discharge lamps. It is preferred such sources include a substantial amount 
of radiation in the range of about 160 nm to about 260 nm. 

Ionizing unit 60 can also include an element 67 for heating the product stream 30a to oxidize 
the non-ionized or non-ionizable organic carbon species of product stream 30a to form ionizable 
species. In such an embodiment, heat serves as a themial oxidizing agent. 

Exposure to the bond-breaking agent occurs for a predetemiined time period ranging from 
about 1 second to about 100 minutes, and at a temperature (which may be a predetermined) ranging 
from about 5** C to about 400*" C, depending upon the type of bond-breaking agent employed and 
thus refractoriness of the organic species. Different bond-breaking agents, such as those exemplary 
agents exemplified above, can be used alone or in various combinations of two or more, with or 
without catalysts and/or carriers and/or supports. 

After exposure to the bond-breaking agent 63, product stream 130 exits ionizing unit 60 
through ionizing unit outlet 64 and flows into the second EDI unit 100 via feed stream inlet 132. 
Organic carbon compoimds wiiich have been oxidized to ionized or ionizable compounds by 
ionizing unit 60 will be removed in the diluting stream of second EDI unit 100. Thus, second 
product stream 130a exits such second EDI unit 100 though product stream outlet 138 substantially 
free of organic carbon species. Alternatively, product stream 130 is recycled back to EDI unit 10 
and into feed stream 30 via loop 159. 

The EDI units of FIG. 2 may share a common concentrate stream in parallel or series via the 
loop formed fix)m concentrate influent 40 flu-ough the first EDI concentrating compartment to first 
concentrate stream outlet 48 thus forming first concentrate effluent 55, which subsequently flows 
through second concentrate stream inlet 142 through the second EDI concentrating compartment to 
second concentrate stream outlet 148 thus forming second concentrate effluent 155 (brine). A 
portion of second concentrate effluent 155 may be discarded as blowdown stream 156 (brine 
blowdown), and the remainder recycled into concentrate influent 40 via loop 157 (brine makeup). 

EDI unit 100 may be completely 4idependent of EDI unit 10 or both units may reside in the 
same EDI stack, even between tfie same pair of electrodes. EDI units 10 and 100 may also consist 
of two or more EDI devices in series and/or in parallel. Each of such devices may also reside in a 
single EDI stack, even between the same pair of electrodes. ED and EDI devices may be similarly 
combined. 

In one exemplary embodiment, a conventional type EDI unit 100 can be modified to 
incorporate partway along the stack an isolator and plimibing to establish two sub-stacks, each with 
their own separate inlet and outlet manifolds. The outlet manifold of the diluting compartments of 
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wo 98/58727 PCT/US98/12823 

the first sub-stack communicates via a coupler with the inlet manifold of the diluting compartments 
of the second sub-stack. Such a coupler provides the bond-breaking agent, such as, for example, UV " 
radiation, for converting the non-ionized or non-ionizable organic carbon compounds to ionic or 
ionizable organic carbon compounds. Thus, this exemplary embodiment including, inter alia, the 
two sub-stacks and the coupler providing the bond-breaking agent forms an integrated system which 
can be operated on a integrated, continuous basis. 

Those of skill in the art will recognize that a wide variety of configurations are available for 
the concentrate streams of multistage EDI device. Any concentrate stream configuration may be 
used in accordance with the present invention. 

The following examples illustrate preferred modes of making and practicing the invention, 
but are not meant to limit the scope of the invention, since alternative methods may be employed 
to obtain similar results. 

EXAMPLE 1 

A 60 cell pair electrodeionization (EDI) stack (40" x 20") havmg a 20 gallon per minute 
capacity (available from Ionics, Incorporated, Watertown, MA) is placed in fluid communication 
with a portion of a waste stream of a steam generator. A 10^ cartridge filter is placed upstream of 
the EDI unit to remove particulate materials. Fluid is pumped into the EDI unit diluting streams by 
a pressure regulated feed pump. Brine is circulated through the EDI unit by a brine pump. The EDI 
unit removes, inter alia, ionized and ionizable carbon compoimds but not non-ionized and non- 
ionizable carbon compounds. The EDI product is pumped through an ionizing unit including a low 
pressure mercury arc element for exposmg the EDI product to UV radiation including 1 84.9 nm, and 
into a regenerated mixed ion exchange (IX) resin deionizing bed. EDI brine conductivity, deionized 
product resistivities and temperatures are measured usmg on-Une conductivity meters (Thornton 770, 
Waltham, MA). Feed and brine pH measured using a handheld pH meter (HYDAC). Organic 

' carbon compounds m the form of ethanolamine (ETA) and methoxypropylamine (MPA) are 
measured using an organic carbon compound analyzer (Model DC-180, Dohrmann) and 

-independently by NWT Corporation, San Jose, CA. 

In FIG. 3, approximate concentrations in parts per million (ppm) of the organic carbon 
compounds of the EDI unit feed stream 'W, the EDI unit product stream the product stream 
from the EDI unit in sequence with the IX resin bed '*X", and the product stream from the EDI unit 
in sequence with the ionizing unit followed by the IX resin bed "A" (after UV and IX), are plotted 
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against the time of operation of the EDI unit (hours). In this figure, the UV and DC system provides 
measurements made in accordance with the present invention. FIG. 3 demonstrates that the UV and ~ 
DC system produces a product stream containing approximately 54% less organic carbon compounds 
that the product stream of the deionization systems including the EDI unit alone, or the EDI unit in 
5 sequence with an ion exchange resin bed without an intermediate organic carbon compound ionizing 
step. The mixed bed ion exchange unit may be replaced by an EDI (or other ionized and ionizable 
carbon compound removal) unit producing similar results. 

EXAMPLE 2 

10 A split stream of a closed loop water system can be treated by the two-stage deionization 

device of the invention. In a closed loop, thermal breakdown of ionizable organic species may create 
some non-ionized and/or non-ionizable organic carbon compounds at a constant rate (r). The 
application of the deionization-ionization-deionization device of the invention can maintain the loop 
organic carbon concentration (C) at a iow level. Where the split stream flow rate is F, the water 

15 recovery rate of the deionization-ionization-deionization device is q, and the organic carbon 
compound rejection rate by the device is R, then the steady state concentration of the organic carbon 
can be calculated according to the following equation: 

r = FC(l -q + R) 

20 

For example, in the case where the generation rate of non-ionized and non-ionizable organic 
carbon is 1984 ppb-gpm, the split stream flow rate is 100 gpm, and the water recovery rate is 95%, 
then the loop organic carbon concentration is determined in accordance with the relation: 

25 1984 ppb-gpm 

^ / 

100gpm(l-0.95+R) / 

Thus, when R-0, i.e., no removal of organic carbon occurs, then the steady state organic carbon 
30 concentration C=396.8 ppb. When R=0.25, then C=66. 1 ppb; and -when R=0.54, then C=33 .6 ppb. 
FIG- 4 is a representative curve generated in this manner to predict closed loop organic carbon 
concentration in accordance with the invention. 

Although a few exemplary embodiments of this invention have been described in detail 
above, those skilled in the art will readily appreciate that many modifications are possible in the 
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exemplary embodiments without materially departing from the novel teachings and advantages of 
this invention. For example, a variety of ionizing devices and/or methods may be used to ionize 
organic species which exist in the product of the first deionizang device. Accordingly, all such 
modifications are intended to be included within the scope of this invention as defined in the 
following claims. 
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CLAIMS 

1 . A method for removing both (i) ionizable and/or ionized carbon compounds and (ii) 
non4onized and/or non-ionizable carbon compounds from water comprising the steps of 

(a) processing a first stream of the water with a removal apparatus for removing ionized 
5 and/or ionizable carbon compounds from the water to produce a first product stream; 

(b) contacting the first product stream with an agent for converting non-ionized and/or non- 
ionizable carbon compounds into ionized and/or ionizable carbon compounds to form a second 
product stream; 

(c) processing the second product stream with a second removal apparatus for removing 
to ionized and/or ionizable carbon compounds from the water to form a third product stream; and 

(d) recovering the third product stream from step (e). 

2. A method according to claim 1 wherein the first removal apparatus comprises the 
second removal apparatus. 

15 

3. A method according to claim 1 wherein the first removal apparatus is selected from 
the group consisting of a reverse osmosis apparatus, nanofiltration apparatus, ion exchange 
apparatus, electrically regenerated ion exchange apparatus, electrodeionization appaiatus, 
electrodialysis apparatus, filled cell electrodialysis apparatus, electrodiaresis apparatus, activated 

20 carbon apparatus and other sorbent apparatus. 



4. A method according to claim 1, wherein the agent is an oxidizing agent. 

5. A method according to claim 4 wherein the oxidizing agent is selected fijom the group 
25 consisting of a chemical oxidizing agent, electrolytic oxidizing agent, electrochemical oxidizing 

agent, catalytic oxidizing agent, therm^ oxidizing agent, and radiation^ 

6. A method according to claim 4 wherein the oxidizing agent comprises radiation. 

30 . 7. A method according to claim 6 wherein the radiation is ultraviolet radiation. 

8 . A method according to claim 6 wherein the radiation is characterized by wavelengths 
of about 254 nm and the oxidizing agent fiirther comprises a catalyst 
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9. A method accx)rcling to claim 8 wherein the radiation is characterized by wavelengths 
of about 184.9 nm. 

10. A method according to claim 6 wherein the oxidizing agent further comprises a 
catalyst 

11. A method according to claim 1 0 wherein the catalyst is titanium oxide. 

12. An apparatus for removing both (i) ionizable and/or ionized carbon compounds and 
(ii) non-ionized and/or non-ionizable carbon compounds from water comprising 

(a) a first removal means for removing ionized and/or ionizable carbon compounds from the 
water to produce a first product stream; 

(b) a conversion means for convertmg non-ionized and/or non-ionizable carbon compounds 
in the first product stream into ionized and/or ionizable carbon compounds to form a second product 
stream; 

(c) a second removal means for removing ionized and/or ionizable carbon compounds from 
the second product stream to form a third product stream; and 

(d) a recovery means for recovering the third product stream. 

13. An apparatus according to claim 1 2 wherein the first removal means comprises the 
second removal means. 

14. An apparatus according to claim 12 wherein the first removal device is selected from 
the group consisting of a reverse osmosis device, nanofiltration device, ion exchange device, 
electrically regenerated ion exchange device, electrodeionization device, electrodialysis device, filled 
cell electrodialysis device, electrodiares4 device, activated carbon device and other sorbent device. 

15. An apparatus according to claim 12 wherein the convasion means comprises contact 
means for contacting the first product stream with an agent 

16. An apparatus according to claim 1 5 wherein the agent is an oxidiang agent 
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17. An apparatus according to claim 16 wherein the oxidizing agent is selected from the 
group consisting of a chemical oxidizing agent, electrolytic oxidizing agent, electrochemical " 
oxidizing agent, catalytic oxidizing agent, thermal oxidisdng agent, and radiation. 

1 8. An apparatus according to claim 16 wherein the oxidizing agent comprises radiation. 

19. An apparatus aiccording to claim 1 8 wherein the radiation is ultraviolet radiation. 

20. An apparatus according to claim 18 wherein the radiation is characterized by 
wavelengths of about 254 imi and wherein the oxidizing agent further comprises a catalyst. 

21. An apparatus according to claim 20 wherein the radiation is characterized by 
wavelengths of about 184.9 nm, 

22. An apparatus according to claim 1 6 wherein the oxidizing agent comprises a catalyst. 

23. An apparatus according to claim 22 wherein the catalyst is titanium oxide. 



/ 
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